Abstract-An Analytic Hierarchy Process (AHP) approach that can be used either for the analysis and comparison of the quality of several telecommunications companies, or for the evaluation of alternate technologies in telecommunications is presented. The method is based on pairwise comparison between several factors that affect the quality of service in a hierarchical structure. Two particular formulations are presented and discussed extensively.
I. INTRODUCTION
E live in the information age where telecommunication W services play an important part in our everyday lives [9] . The evolution of technology has enabled the simultaneous cost reduction and quality improvement in the services offered. The telecommunications industry today is a much more competitive market and customers have a variety of services, products, and suppliers to choose from. Customers of telecommunications services demand a high quality from their suppliers. They have the opportunity to determine and purchase the quality of communication services that they need, balancing their cost and value. It is, therefore, essential that telecommunication companies provide the best quality of service available. In this paper, we focus on a specific problem, namely the dilemma faced by a customer in choosing a telecommunications company that best satisfies the customer's needs. We illustrate how a customer can utilize the Analytic Hierarchy Process to scientifically choose a telecommunication company and/or particular services that best satisfy his needs for quality and service or how a customer can decide between two alternative telecommunication services provided.
The Analytic Hierarchy Process (AHP) is a method used for dealing with problems which involve the consideration of multiple criteria simultaneously [6] . It is unique in its ability to deal with intangible attributes and to monitor the consistency with which a decision maker makes his decisions. Some of its applications include Transport Planning in the Sudan [3] , Choosing a Modern Computer System [5], and Political Candidacy [21. Quality of telecommunications services is affected by several factors [8] . The choice of a certain telecommunications service or company needs to be based on a clear evaluation of the effect of these factors on the decision to be made. The Analytic Hierarchy Process determines the relative importance of each of these factors and their effect on the quality of ser- Manuscript received March 16, 1993; revised April 16, 1993. The authors are with the Department of Electrical and Computer Engineer-IEEE Log Number 92 139 16.
ing, University of Miami, Coral Gables, FL 33124. vices by performing pairwise comparisons between them. This enables the prioritization of their importance in a systematic way that efficiently relates the importance that each company assigns to these factors in its quality improvement program. The decision-making process in this case is greatly simplified by solving the problem in a straightforward numerical manner.
Section I1 presents the basic theory behind AHP and the methodology used during its application. Section I11 first presents in detail the criteria that affect the quality of telecommunication services as they have been reported in the telecommunications literature [ 111, [ 141-[ 161, [ 181 and then formulates an AHP methodology for the Public Switched Telephone Network (PSTN). In Section IV, the major characteristics of two high-speed networks [the Fiber Distributed Data Interface (FDDI) and Distributed Queue Dual Bus (DQDB)], together with an hierarchy, allow for a choice among the two. The analysis of responses received from a questionnaire are presented to provide the reader with an understanding of the applications of the methodology. Section V concludes the paper by presenting some possible extensions and modifications to the application of the method.
THE ANALYTIC HIERARCHY PROCESS (AHP)
AHP is a decision-making process in which a problem is first broken down to a hierarchy of interrelated decision elements and then uses the pairwise comparisons of the user to give the order in which factors affect a decision, consistency of the respondent, and (depending on the particular problem) a prioritized list of the decisions to be made. The steps to be followed while implementing the AHP process are illustrated [4] .
Step 1-Set up a decision hierarchy by breaking down the problem into a hierarchy of interrelated decision elements. The overall goal is placed at the top, with the main attributes on a level below.
Step 2-Collect input data by pairwise comparisons of decision elements. Every attribute on each level is compared with adjacent attributes in respect of their importance to the parent.
Step 3-Use the "eigenvalue" method to estimate the relative weights of decision elements. The options available to the decision maker are now scored with respect to the lowest level
Step &-Aggregate the relative weights of decision elements to arrive at a set of ratings for the decision alternatives. The scores reflecting the weight given to each attribute are adjusted and then summed to yield a final score for each option. The decision schema of the analytic hierarchy process is shown in Fig. 1 . The highest level involves the most general objective, while the lowest level includes the decision alternatives that may be taken.
A distinction is made between local and global priorities. A local priority reflects the importance (priority) of an element in a certain level with respect to an element immediately above it. A global priority reflects the importance of an element with respect to the focus of the problem. The derivation of local priorities is carried out through the use of a comparison scale and a pairwise comparison matrix [7] . To calculate this priority vector, the user is provided with a comparison matrix A, of dimensions RXR, where n is the number of alternatives in that level. The user is then asked to fill every element aij as the result of a pairwise comparison denoting the dominance of element i relative to element j.
For example, consider four elements viz. A , B , C, and D [ 11 to be compared with each other. The elements are listed in a tabular form (a 4 x 4 matrix) as shown in Fig. 2 To estimate this vector of priorities, sum the elements in each row and normalize this sum by dividing each sum by the total of all sums. The results of all sums should add up to unity. The first entry of the resulting vector is the priority of the first activity; the second entry the priority of the second activity, and so on.
Let the vector of priorities be denoted as w. The principal eigenvector needs then to be computed from this vector of 2 n ( n is the order of the matrix) with equality holding true only in the perfectly consistent case. The consistency index (CI) is an indication of the accuracy of the method and is defined as:
This consistency index will assume the value zero only in the perfectly consistent case and will be positive otherwise.
Several other properties of the AHP method are presented in VI.
Consistency denotes the actual intensity with which the preference is expressed. The consistency index of a randomly generated reciprocal matrix from the scale 1 to 9, with reciprocals forced, is called the random index (RI) . A study was performed at the Wharton school by T. L. Saaty [l] . It was observed that the random index has typical values which are illustrated in the table. The first row indicates the order of the matrix, and the second row indicates the values of RI [l] . The ratio of CI to the average RI for the same order matrix is called the consistency ratio (CR) . A consistency ratio of 0.10 or less is considered acceptable.
Transitivity is another term that indicates a preference between criteria being compared [ 11. Weak transitivity implies that if A is preferred to B , and B is preferred to C, then A is preferred to C. Strong transitivity, on the other hand, implies that if A is preferred to B by a ratio of 3 : 1 and B is preferred to C by a ratio of 2 : 1, then one expects A to be preferred to C by a ratio of 6 : 1. The Consistency Index gives a sense of how close to strong transitivity a certain response is.
If there are more than two levels in the hierarchy, the various priority vectors can be combined into priority matrices, which yields one final priority for the bottom level. An example is presented in detail, in the next section.
AHP FOR QUALITY OF TELECOMMUNICATION SERVICES
In this section, we present an analytic example on how the method could be used for evaluation of the quality of Public Switched Telephone Network (PSTN). We do not plan to fill the matrices with exact numbers in this section, but rather to demonstrate the procedure, In Section 111-A, the major factors affecting quality in a PSTN environment are presented and are built into an hierarchy. In Section 111-B, the required pairwise comparisons and calculations are presented.
A. Criteria Affecting Quality of PSTN
Dialing ease, transmission reliability, call completion assurance, switching and network intelligence, network security, and efficient service restoration capabilities and cost are the major factors that affect the decision of a user in the choice of a PSTN service. As shown in Fig. 3 , these seven criteria provide the first level under the major objective which is quality. Each of these factors is now dependent on other subfactors that are going to give us the second level of the hierarchy. These subfactors provide the second level in the hierarchy. In Fig.   4 , the subfactors are shown in more detail than in Fig. 3 and in direct relation to the factors above them. It is obvious that several subfactors affect more than one factor above them.
Problems experienced by customers prior to setting up a call fall under the dialing ease category. Dialing ease is affected by [ 101 abandonment before dial tone, abandonment while dialing, abandonment and retrial before network response, and abandonment and retrial due to poor transmission.
The telephone network must provide a high quality of transmission service. The accuracy with which information can be carried across the network is of paramount importance. Transmission reliability is affected by the signal-to-noise ratio, echoes, crosstalk, singing margin, interference, short hold time, long hold time, abandonment due to poor transmission, and abandonment before network response.
Once a call has been dialed, every attempt should be made to ensure that the call is free from any disturbance or problems PRODUCT PERFORM. Commun. for its entire duration. Call completion assurance is affected by the nature of the call, long holding times, short holding times, software reliability and AIIExpert Systems [ 121, [lo] . Telecommunication systems carry vital information. It is imperative that this information be accessible only to people authorized to have access to it. Network security is affected [9] by the underlying software reliability, AIIExpert systems, authorization procedures, and existence of public key cryptography and the DES encryption standard.
Transmission facilities are connected into a network by switches which ensure that line capacity is shared and altemative routes are provided, making it possible to accommodate surges of traffic. Switching in modem telecommunication systems is mainly accomplished by sophisticated on-line software. Switching and network intelligence is affected by the existence of AIIExpert systems, circuit or packet switching, sufficient software reliability, speech recognition techniques and authorization.
Any provider of telecommunication services must ensure that service to customers is readily available, if the provider is to remain competitive. Certain aspects that affect customer service include prompt and efficient service, no recurrence of problem, and efficient complaint answer.
Cost is obviously one of the driving forces in the choice of a certain service or company but has to be carefully weighted in comparison to the other factors.
The lowest level in Fig. 3 includes the possible alternatives, which for this case might be three telecommunication companies. Once the hierarchy is complete, we are ready to proceed with the AHP.
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B . Application of the AHP method
It is first necessary to prepare a global matrix comprising the factors affecting quality. Pairwise comparisons between elements of this matrix yield certain numerical values. A glance at this global matrix tells us how important a certain factor is in comparison to the other factors. For this global matrix, the principal eigenvalue A , , , , the consistency index ( C I ) , and the consistency ratio (CR) are calculated. These values indicate the consistency of the method used. The priorities assigned to elements of the matrix reflect the order of their importance in the decision-making process. The next step is to compare the importance that each company assigns to these subfactors. Seven matrices are constructed and pairwise comparisons are performed between the elements. The objective is to determine the relative priority that each company assigns to a given subfactor.
The overall weight of a company indicates the emphasis that the company gives to these factors and is arrived at in the following manner. We tabulate the priorities obtained by these pairwise comparisons. This matrix is multiplied with the matrix of the relative priorities of the seven factors as obtained earlier. The two matrices are then multiplied to obtain the overall weight of each company as shown.
The order of priority assigned to the different factors by a company is compared with the priority assigned to the factors by a potential customer. Based on a careful observation of the tabulations, the potential customer can arrive at a decision to choose a particular telecommunication company. The company with the largest overall weight is usually chosen, provided however that the company offers its services at a reasonable cost.
IV. DQDB VERSUS FDDI COMPARISON USING AHP
High-speed networks will carry an integrated mix of traffic that includes data, voice, and video. DQDB and FDDI have been proposed as candidate architectures for high-speed networks, each with its own focus and purpose. Several simulation studies have been performed to compare the performance of these networks [13] . In this section, we attempt a comparison between DQDB and FDDI using the analytic hierarchy process. To achieve this goal, we first present the main characteristics of the two networks and then present the hierarchy for evaluating. The numerical results are taken from responses to a questionnaire that was sent to researchers and practitioners in the area. It should be noted that the results presented in this section are only preliminary and should be used only as indications of the applicability of the method and not as a universal method of comparison between the two networks. To achieve this universal method of comparison, we need the results from several respondents.
A . DQDB Networks
A DQDB network is a Metropolitan Area Network (MAN) capable of providing high-speed (> 45 Mb/s) switched connectivity between distances of 5 to 50 kms [17] . There are two types of DQDB architectures vis. dual bus or looped bus. These buses are unidirectional and are responsible for conveying messages between nodes in opposite directions. Nodes are connected to both buses.
In the looped bus architecture, both the head ends terminate at a common spot. Both buses share a common frame generator. Since the entry point is common, entry can be provided for a PSTN clock. Looping of the bus provides route diversity. If the bus fails, the network isolates the fault and closes the data buses through the head point of the loop. The point at which a fault occurs becomes the natural end point of the bus. The nodes at this point will become the frame generator or the head end.
B . FDDI Networks
An optic fiber channel operates at 100 Mb/s. Up to 1000 nodes can be placed on one optic fiber ring. The nodes can be 2 km apart and the circumference of the ring can be 200 km. The FDDI topology consists of two independent counter rotating optic fiber rings with an overall bit rate of 200 mb/s [13] . Components such as DTE's and computer workstations are tied together through a wiring concentrator. The concentrator acts as a reconfiguration point for all optic wiring and data traffic. Devices connected to the inner ring and outer rings are classified as A devices. B devices are connected by the inner ring. High-priority stations can be assigned as class A devices. for short distances and a small number of nodes. DQDB has a better efficiency for long distance and a large number of nodes. FDDI is more suited for a computer environment.
C. Major Factors to he
2) Response Time: Response time is the time for a short message to go from the source node to the destination node and return to the source node. Response time affects: 1) distributed computing; 2 ) query response; 3) bulk data transfer; 4) isochronous traffic. It is desirable to have the response time as short as possible so that the network behaves like a multiprocessor computer system.
) Throughput:
Throughput characterizes how much bandwidth a particular user is able to receive from the system. Throughput is usually given in terms of network response time and protocol window size. In networks where large amounts of data are transmitted without any kind of flow control, maximum end-user throughput becomes a relevant measure. 4) Fairness: Fairness in a multiaccess network depends on the role of the network. If a multiaccess network is used as a high-speed LAN, utilization will be low. However, if the multiaccess network is used as a backbone network where expensive resources are involved, utilization is expected to be high and fairness will be a major issue. A comparison of network response time perceived by different end users constitutes a suitable fairness measure.
D. Building a Hierarchy
In building the hierarchy for the comparison, we follow the same steps as in the PSTN example. Fig. 5 shows this hierarchy. The overall goal is the quality of the provided services. At the first level, we find product performance, reliability, cost, sale/service, and customer satisfaction, i.e., factors generic to the choice of any network. At the second level, we find the particular attributes pertaining to DQDB and FDDI. These include the factors presented in the previous section plus number of users supported, bandwidth requirements, distance between users and traffic density. There exists a cross relationship between factors and subfactors. The factors and the subfactors affecting them, taking into account cross relationships, are illustrated in Fig. 6 . On the lower-most level are the decision-making alternatives, i.e., a choice between DQDB or FDDI. Based on this hierarchy, a questionnaire was prepared and sent out to a professional in the networks field. In this section, we present the application of the AHP in the determination of the relative priorities, the consistency indexes, etc.
RELIABILITY
The main factors need first to be prioritized. They are tabulated into a global matrix (Fig. 7) and pairwise comparisons are performed between elements. Suitable numerical values were assigned to these comparisons by the respondents to the questionnaire. Using AHP as described in Section 11, we calculated the global priority of each factor. The results presented here show a particular analysis to a response to our questionnaire and should not be taken as generally applied rules without more extensive surveys and responses.
From these values, it can be seen that customer satisfaction has the highest priority and lowest cost. It needs to be mentioned that pairwise comparisons need not be completely consistent. Another observation is that only the upper and The subfactors affecting a certain factor were also prioritized. In this case, a submatrix was prepared and the priority of each subfactor was determined based on the numerical values assigned to the pairwise comparisons. All the subfactors were prioritized in a similar manner as shown in the matrices of Fig. 8 . Priorities were determined using the AHP theory. Once the priorities of the factors and subfactors are known, we can calculate the global priority of each subfactor, as in Fig. 9 .
Once the global priority of each subfactor has been determined, we perform a pairwise comparison between the advantages that DQDB and FDDI extend to a given subfactor. The matrices for the pairwise comparisons are shown in Fig.   9 . From Fig. 9 , we can then calculate the overall weight of DQDB and FDDI. From this particular analysis, the weight of DQDB is 1.036, which is approximately 2.5 times higher than the weight of ple respondents are involved, a second round of questionnaires close to optimal is achieved. It needs to be noted though that since the method is based on several pairwise comparisons, a miscalculated answer in one of them does not influence the result substantially. The questionnaires could also include questions related to the degree of risk aversion of the respondent, their expertise, their biases, etc. Sending questionnaires with multiple scales could also enhance the understanding of the decision process
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